Objective DARPP-32 is a frequently amplified and overexpressed gene that promotes several oncogenic functions in gastric cancer. Herein, we investigated the relationship between Helicobacter pylori infection, proinflammatory NF-κB activation and regulation of DARPP-32. Design The study used in vivo and in vitro experiments. Luciferase reporter, quantitative real-time PCR, immunoblot, chromatin immunoprecipitation (ChIP), cell viability, H. pylori infection, tissue microarrays and immunohistochemical assays were used. Results Our results indicated that H. pylori infection increased the DARPP-32 mRNA and protein levels in gastric cancer cell lines and gastric mucosa of mice. H. pylori infection increased the activity of NF-κB reporter and p-NF-κB (S536) protein level in vitro and in vivo. To investigate the transcriptional regulation of DARPP-32, we cloned a 3019 bp of the DARPP-32 promoter into the luciferase reporter ( pGL3-Luc). Both H. pylori infection and tumour necrosis factor-α treatment induced DARPP-32 reporter activity ( p<0.01). Using deletion constructs of DARPP-32 promoter and ChIP assay, we demonstrated that the sequence −996 to −1008 bp containing putative NF-κB-binding sites is the most active region. The induction of DARPP-32 expression by H. pylori infection counteracted H. pyloriinduced cell death through activation of serine/threoninespecific protein kinase (AKT), as determined by ATP-Glo and clonogenic survival assays. Immunohistochemistry analysis demonstrated a significant positive correlation between NF-κB and DARPP-32 expression levels in gastric cancer tissues (r 2 =0.43, p<0.01). Conclusions Given the high frequency of DARPP-32 overexpression and its prosurvival oncogenic functions, the induction of DARPP-32 expression following H. pylori infection and activation of NF-κB provides a link between infection, inflammation and gastric tumourigenesis.
INTRODUCTION
Although the incidence of gastric cancer is declining, 1 it remains the third leading cause of cancerassociated death worldwide. 2 We have previously shown that dopamine and cAMP-regulated phosphoprotein, molecular weight 32 000 (DARPP-32) is a novel cancer gene, which is overexpressed in two-thirds of patients with gastric cancer. 3 4 DARPP-32 overexpression is detectable in early stages of gastric carcinogenesis cascade, and immunohistochemical analysis suggested that it may participate in transition from atrophic gastritis
Significance of this study
What is already known on this subject?
▸ Helicobacter pylori infection is associated with increased inflammation. ▸ DARPP-32 overexpression was frequently observed in early and late stages of gastric carcinogenesis. ▸ Amplification and overexpression of in gastric cancer promote activation of several oncogenic signalling pathways and resistance to anticancer drugs.
What are the new findings?
▸ This study demonstrates that NF-κB-p65 binds to and activates DARPP-32 promoter and transcription. ▸ H. pylori-mediated activation of NF-κB transcriptionally regulates DARPP-32 expression to counteract cell death and promote cell survival. ▸ Given the DARPP-32 prosurvival oncogenic functions, upregulation of DARPP-32 could be a key component of H. pylori-mediated gastric tumourigenesis. ▸ This study strongly suggests that inflammation-regulated DARPP-32 constitutes a key component of H. pylori-mediated gastric tumourigenesis.
How might it impact on clinical practice in the foreseeable future?
▸ The study provides a novel understanding of mechanisms by which H. pylori infection promotes cell survival and the development of gastric cancer. ▸ H. pylori-NF-κB-DARPP-32 axis provides a new paradigm in gastric carcinogenesis that explains the link between infection, inflammation and gastric carcinogenesis. ▸ Development of potential inhibitors against DARPP-32 might be of clinical value in gastric cancer.
to intestinal metaplasia and progression to neoplasia. 3 Recent studies have shown that DARPP-32 promotes cancer cell survival, drug resistance and invasion. [5] [6] [7] [8] [9] However, the mechanisms that regulate DARPP-32 expression and promote gastric carcinogenesis remain unclear.
Infection with Helicobacter pylori has been classified by the WHO as a group 1 carcinogen 10 and considered a major risk factor for the development of gastric cancer. 11 12 Infection with H. pylori induces inflammatory responses in the host, which lead to chronic inflammation and the development of atrophic gastritis that can progress to cancer. 13 14 Previous studies suggest that apoptosis and DNA damage are increased in gastric epithelial cells during infection with H. pylori. 15 16 Chronic H. pylori infection results in generation of a subpopulation of gastric epithelial cells with high levels of DNA damage that are resistant to apoptosis. 15 The accumulation and survival of cells with damaged DNA heightens the risk of development of gastric carcinoma. 17 In most cases, eradication of the microorganism leads to resolution of inflammation, which in many instances can result in a beneficial effect in preventing the development of subsequent gastric dysplasia and gastric cancer. 18 In the absence of eradication, infection tends to be life long and the immune response is ineffective in clearing the bacteria. 19 NF-κB transcription factors comprised the REL-homology domain proteins p50, p52, RelA (also called p65), RelB and cREL. 20 In the absence of specific extracellular signals, NF-κB inhibitors such as IκB, p105 and p100 proteins tether to NF-κB in the cytoplasm to prevent NF-κB-mediated gene transcription. 21 When cells receive appropriate stimuli such as tumour necrosis factor-α (TNF-α), IκB phosphorylation occurs leading to IκB ubiquitination and proteasomal degradation, and translocation of NF-κB to the nucleus where it binds to its specific promoter elements to activate gene expression. 22 NF-κB signalling controls the expression of several genes implicated in inflammation, cell survival and cancer. 23 In addition to its role for survival of cancer cells, NF-κB has recently been shown to be activated in cancer stem cells, where it can promote a proinflammatory environment, inhibit apoptosis and stimulate cell proliferation. 24 The aim of this study was to investigate whether proinflammatory H. pylori infection and NF-κB activation play a role in regulating DARPP-32 expression and its prosurvival functions in gastric cancer. Our results demonstrate, for the first time, that DARPP-32 is a novel transcription target of NF-κB that is induced in response to H. pylori infection and activation of NF-κB to counteract infection-induced cell death and promote cell survival in gastric carcinogenesis.
MATERIALS AND METHODS Cell culture and reagents
Human gastric cancer cell lines including AGS and MKN-45 and the immortalised human embryonic kidney epithelial cell line (HEK-293) were cultured in Dulbecco's modified Eagle's medium (GIBCO, Carlsbad, California, USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen Life Technologies, Carlsbad, California, USA) and 1% penicillin/ streptomycin (GIBCO). Recombinant human TNF-α was purchased from PeproTech (Rocky Hill, New Jersey, USA). Bay 11-7082 and 11-7085 were purchased from Sigma-Aldrich (St Louis, Missouri, USA). DARPP-32 antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, California, USA). Horseradish peroxidase (HRP)-conjugated mouse and rabbit secondary antibodies, p-P65 (S536), P65, p-serine/threoninespecific protein kinase (AKT) (S473), AKT and β-actin antibodies, were purchased from Cell Signaling Technology (Danvers, Massachusetts, USA).
DARPP-32 expression, shRNA and siRNA
The flag-tagged coding sequence of DARPP-32 was cloned in pcDNA3.1 mammalian expression plasmid (Invitrogen Life Technologies). AGS cells stably expressing DARPP-32 or pcDNA3.1 empty vector were generated as described previously. 4 5 Flag-tagged DARPP-32 was cloned into the adenoviral (pACCMV) shuttle vector, and the adenovirus was generated by cotransfecting HEK-293 cells with the shuttle and ( pJM17) backbone adenoviral plasmids using the Calcium Phosphate Transfection Kit (Applied Biological Materials, Richmond, British Columbia, USA). Lentivirus particles expressing DARPP-32 shRNA or control shRNA were produced by GeneCopoeia (Rockville, Maryland, USA) and then used to transduce MKN-45 cells. Control siRNA (universal negative control) was purchased from Sigma-Aldrich; DARPP-32 siRNA (sc-35173) was obtained from Santa Cruz Biotechnology.
H. pylori strains
The wild-type H. pylori Cag + strains 7.13 and J166 and the rodent-adapted Cag + H. pylori strain PMSS1 were used in this study. Isogeneic 7.13 CagE − (Cag secretion system ATPase) and CagA − (Cag secretion system effector protein) mutants were constructed by insertional mutagenesis using aphA (conferring kanamycin resistance). 25 H. pylori bacteria were cultured on trypticase soy agar with 5% sheep blood agar plates (BD Biosciences, Bedford, Massachusetts, USA) for in vitro passage, as previously described. 25 26 Isogenic mutants were also cultured on Brucella agar (BD Biosciences) plates containing 20 μg/mL kanamycin (Sigma-Aldrich) to confirm the presence of the kanamycin antibiotic-resistance cassette. H. pylori strains were then cultured in Brucella broth (BB, BD Biosciences) supplemented with 10% FBS (Atlanta Biologicals, Flowery Branch, Georgia, USA) for 16-18 hours at 37°C with 5% CO 2 . For in vitro studies, the bacteria were co-cultured with gastric epithelial cells at a multiplicity of infection of 50:1.
Infection of mice with H. pylori
All animal studies were carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Vanderbilt University Medical Center's Institutional Animal Care and Use Committee approved all protocols and all efforts were made to minimise animal suffering. C57BL/6 mice were purchased from Charles River Laboratories for this study and housed in the Vanderbilt University Animal Care Facilities. Mice (10 mice per group) were orogastrically challenged with BB, as an uninfected (UI) control or with the mouse-adapted wild-type H. pylori strain PMSS1 (10 9 CFU/mouse). 27 Mice were euthanised at 7 days and 2-4 months postchallenge, and gastric tissues were harvested for western blot and real-time PCR analyses.
Quantitative real-time PCR analysis
Total RNA was isolated from cell lines by using the RNeasy Mini Kit (Qiagen, Valencia, California, USA). Total RNA (1 μg) was reverse transcribed by an iScript cDNA synthesis kit (Bio-Rad, Hercules, California, USA). The quantitative real-time PCR (qRT-PCR) was performed using a Bio-Rad CFX Connect Real-time System (Bio-Rad), with the threshold cycle number determined by Bio-Rad CFX manager software V. 3 0 -GTAGGTCCTGCTACTGAAGCCTTA-3 0 . Reactions were performed in duplicate, and results of three independent experiments were subjected to statistical analysis. Fold change was calculated using the ΔΔC(t) method. 28 HPRT1 was used as a normalisation control.
DARPP-32 promoter and luciferase activity assays
To construct the DARPP-32 promoter, we amplified the promoter region from −96 to −3115 from transcription start site by PCR using hot-start DNA polymerase (New England Biolabs, Ipswich, Massachusetts, USA). A 3-kb fragment containing KpnI and HindIII sites was then ligated into the PCR8 vector by using a TA cloning kit (Invitrogen Life Technologies). The promoter fragment was excised from PCR8-DARPP-32 by digesting it with KpnI and HindIII, and then cloned in the pGL3-basic vector to produce the pGL3-DARPP-32 promoter luciferase reporter. The deletion constructs were made by amplifying the pGL3-DARPP-32 plasmid with hot-start DNA polymerase, using specific primers designed with KpnI and HindIII restriction sites, followed by ligation of the digested fragments.
Subconfluent cells cultured in 12-well plates were transiently cotransfected with luciferase reporter and internal control plasmids, using the DNAfectin Transfection Reagent according to the manufacturer's protocol (Applied Biological Materials). Forty-eight hours post-transfection, cells were lysed in passive lysis buffer, and luciferase assay was performed using dualluciferase reporter assay kit (Promega, Madison, Wisconsin, USA). Renilla luciferase activity was used as control for the transfection. Each transfection was performed in triplicate.
Western blotting
Western blotting was performed using standard methods. Cells were washed with cold phosphate-buffered saline (PBS) and lysed using radio immunoprecipitation assay (RIPA) buffer (10 mM Tris-HCl ( pH 7.2), 150 mM NaCl, 5 mM EDTA, 0.1% sodium dodecyl sulfate (SDS), 1.0% Triton X-100, 1% deoxycholate). Lysates were centrifuged at 13 000 rpm for 5 min at 4°C. Proteins were separated on 12.5% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to Immobilon ( polyvinylidene difluoride) transfer membrane (PVDF) membrane (Millipore, Billerica, Massachusetts, USA). Membranes were probed with specific antibodies. Proteins were then visualised by using HRP-conjugated secondary antibodies and Immobilon Western Chemiluminescent HRP Substrate detection reagent (Millipore). β-Actin was used as the loading control. All blots were imaged using Bio-Rad ChemiDoc XRS+ System (Bio-Rad).
Chromatin immunoprecipitation assay
AGS cells were fixed with formaldehyde (1% final concentration, Sigma-Aldrich) and chromatin fragmentation was done by sonication on ice for four cycles (30 s 'ON', 30 s 'OFF' at 40% amplitude) to yield an average length of <500 bp. Chromatin immunoprecipitation (ChIP) assay was performed using Zymo-Spin ChIP Kit (Irvine, California, USA) following the manufacturer's protocol. Briefly, the supernatants of the fragmented lysates were diluted 10-fold with chromatin dilution buffer. Chromatin solutions were immunoprecipitated with P65 antibody at 4°C overnight. ZymoMag Protein A beads were added to the lysate to isolate the antibody-bound complexes. The elute was reverse cross-linked by heating at 65°C for 30 min. Samples were then treated with proteinase K for 90 min at 65°C to digest the proteins that were immunoprecipitated. To identify the P65-binding sequence, two sets of primers were used for PCR amplification of the DARPP-32 promoter region: primers for P65-binding sites: DARPP-32-CHIP-F:
0 ; and control primers: DARPP-32-CTRL-F:
Cell viability assay
For the quantitative estimation of cell growth and survival, we have used the CellTiter-Glo Cell Viability Assay (Promega). Cells were plated in 96-well microplates at 1000 cells per well. Measurements using BMG FLUOstar OPTIMA Microplate Reader (BMG LABTECH, Cary, North Carolina, USA) were conducted following the manufacturer's protocol.
Tissue microarray and immunohistochemistry
A total of 159 paraffin-embedded human gastric tissue samples (32 normal, 33 metaplasia, 25 dysplasia and 69 adenocarcinoma) were available for immunohistochemical analysis. All tissue samples were deidentified in accordance with Institutional Review Board-approved protocols. Tissues were stained with H&E and representative regions were selected for inclusion in a tissue array. Control samples from normal epithelial specimens were punched in each sample row. Sections (5 μm) were transferred to polylysine-coated slides (SuperFrostPlus; MenzelGlaser, Braunschweig, Germany) and incubated at 37°C for 2 hours. DARPP-32 (H62) antibody was obtained from Santa Cruz Biotechnology, and Rabbit p-NF-κB (Ser536) antibody was purchased from Cell Signaling. 29 The resulting tumour tissue array was subjected to immunohistochemical analysis for DARPP-32 and NF-κB. The immunoreactivity of the samples tested was assessed by a trained pathologist and scored for intensity (scaled 0-3) and frequency (scaled 0-4). For purposes of statistical analysis, DARPP-32 and NF-κB proteins' intensity and frequency were transformed into a composite expression score (CES) using the formula CES=4(intensity−1)+frequency. The range of CES was from 0 to 12. 
Statistical analyses
Data were expressed as mean±SD of three independent experiments. Statistical significance of the in vitro and in vivo studies was analysed by one-way Analysis of variance (ANOVA), Student's t-test and Pearson's method. Differences with p values ≤0.05 are considered significant.
RESULTS

H. pylori induces DARPP-32 expression in gastric epithelial cells in vitro and in vivo
H. pylori infection activates NF-κB through both the canonical and non-canonical pathways. 30 Because of the frequent overexpression of DARPP-32 in early stages of gastric tumourigenesis, we investigated whether H. pylori infection could upregulate DARPP-32 expression through activation of NF-κB. Following cultures of AGS cells alone or cocultured with the wild-type Cag + H. pylori strain 7.13 or J166, the qRT-PCR results showed that H. pylori infection significantly increased DARPP-32 mRNA (figure 1A). To further support our in vitro results, we used an in vivo mouse model of H. pylori infection. C57BL/6 mice were challenged with BB as a negative UI control, or wild-type mouse-adapted Cag + H. pylori strain PMSS1. The qRT-PCR analysis of gastric tissues showed that infection with H. pylori strain PMSS1 resulted in significantly increased DARPP-32 mRNA expression as compared with UI controls ( p<0.01, figure 1B) . Western blot analysis data showed that H. pylori infection upregulated DARPP-32, activated cleavage of poly ADP ribose polymerase (PARP) and promoted induction of p-P65 (S536) and P65 protein expression levels, confirming activation of NF-κB ( figure 1C) . To confirm the proinflammatory effect of H. pylori, we evaluated the mRNA expression of inflammation-mediating cytokines in AGS cells infected with H. pylori. The qRT-PCR data indicated that H. pylori infection significantly induced TNF-α ( p<0.05, see online supplementary figure S1A) and IL-8 ( p<0.01, see online supplementary figure S1B). To confirm that H. pylori infection leads to activation of NF-κB, we cultured AGS cells alone or cocultured with the wild-type Cag + H. pylori strain 7.13 or J166, and with or without transfection of the p-NF-κB luciferase reporter plasmid. The luciferase data indicated a significant induction of NF-κB transcription activity ( p<0.01) following H. pylori infection; an effect that was blocked by Bay 11-7082, a NF-κB inhibitor ( figure 1D ). In support of the in vitro findings, the results from the C57BL/6 mice that were challenged with BB as a negative UI control; or wild-type mouse-adapted Cag + H. pylori strain PMSS1 for 7 days showed that H. pylori infection upregulated DARPP-32 and promoted induction of p-P65 (S536) and p-AKT (S473) protein expression levels ( figure 1E ).
NF-κB transcriptionally upregulates DARPP-32 expression
The aforementioned results raised questions whether DARPP-32 regulates NF-κB or NF-κB regulates DARPP-32. To investigate this relationship between DARPP-32 and NF-κB signalling, we first investigated whether DARPP-32 regulates NF-κB-P65 phosphorylation or activity using AGS and MKN-45 cell models. Our data indicated that stable overexpression of DARPP-32 had no significant effects on P65 and p-P65 (S536) protein levels as evaluated by western blot analysis ( figure 2A ). Furthermore, knocking down endogenous DARPP-32 in MKN-45 cells did not affect P65 and p-P65 (S536) protein expression ( figure 2B ).
Of note, the NF-κB reporter luciferase data showed that overexpression of DARPP-32 in AGS cells had no significant effects on NF-κB transcription activity with or without treatment with TNF-α ( figure 2C ). These findings clearly indicate that DARPP-32 has no effect on transcription activity of NF-κB. We next investigated whether NF-κB regulates DARPP-32 expression. We treated AGS and MKN-45 gastric cancer cell lines with TNF-α or a NF-κB inhibitor (Bay 11-7082) to activate or inhibit NF-κB, respectively, and evaluated DARPP-32 mRNA and protein expression by qRT-PCR and western blot analysis. The results demonstrated a significant induction of the p-NF-κB reporter luciferase activity following TNF-α treatment in AGS cells (see online supplementary figure S2). We found that TNF-α significantly upregulated DARPP-32 mRNA ( figure  3A ) and protein (figure 3B) expression in AGS cells. In addition, inhibition of NF-κB with Bay 11-7082 significantly decreased endogenous DARPP-32 mRNA ( figure 3C ) and protein ( figure  3D ) expression levels in MKN-45 cells. We further confirmed these findings using transient expression of P65 in AGS cells which led to a 10-fold induction of DARPP-32 mRNA expression ( figure 3E ) with a notable increase in DARPP-32 protein level ( figure 3F ). Collectively, these data suggested that NF-κB plays an important role in transcriptional regulation of DARPP-32.
H. pylori regulates DARPP-32 promoter activity and mRNA expression through NF-κB-P65 binding Promoter analysis of DARPP-32, using PROMO tool V.8.3 of TRANSFAC (Beverly, MA, USA), indicated the presence of NF-κB transcription factor putative-binding sites that cluster into four main regions (figure 4A). To characterise the crucial elements for regulation in the DARPP-32 promoter region by NF-κB-P65, we generated six pGL3-based luciferase constructs of DARPP-32 (P1-P6) containing clusters A, B, C or D (figure 4B). A luciferase reporter assay revealed that DARPP-32-P2-Luc, DARPP-32-P4-Luc and DARPP-32-P6-Luc reporter activities were not increased in AGS cells transfected with P65. Conversely, the reporter activities of DARPP-32-P1-Luc, DARPP-32-P3-Luc and DARPP-32-P5-Luc were significantly increased in P65-transfected AGS cells ( figure 4B ). These results suggest that the regulatory promoter element for regulation of DARPP-32 transcription is located in cluster B.
To further validate NF-κB-P65 and DARPP-32 promoter interaction, AGS cells were transfected with DARPP-32-P1-Luc, DARPP-32-P2-Luc, DARPP-32-P3-Luc or DARPP-32-P5-Luc luciferase reporter plasmids, and then treated with TNF-α alone or in combination with Bay 11-7082 (figure 4C). The promoter activity analysis showed that the relative luciferase activity of the DARPP-32-P1-Luc, DARPP-32-P3-Luc and DARPP-32-P5-Luc significantly increased ( p<0.01) with TNF-α treatment. Treatment with Bay 11-7082 reversed these effects; in contrast, the relative luciferase activity of the shorter deletion construct (DARPP-32-P2-Luc), containing cluster A, was not increased by TNF-α stimulation ( figure 4C) . Notably, transient overexpression of P65 led to a dose-dependent increase in luciferase activity of the DARPP-32-P5-Luc construct (p<0.01, figure 4D ). To further confirm the role of H. pylori in DARPP-32 transcription regulation, AGS cells were transfected with DARPP-32-P1-Luc or DARPP-32-P5-Luc luciferase reporter plasmid and cocultured with or without H. pylori strains (7.13 or J166) alone or in combination with Bay 11-7082. We found a significant induction of the DARPP-32-P1-Luc and DARPP-32-P5-Luc reporters activity following H. pylori infection; the luciferase activity was completely blocked following inhibition of NF-κB with Bay 11-7082 (p<0.01, figure 4E, F) . To further support the role of H. pylori in DARPP-32 transcription regulation, AGS cells were To determine whether NF-κB regulates the expression of DARPP-32 by binding directly to the promoter, we performed ChIP assay by using a specific antibody against P65 to immunoprecipitate formaldehyde-fixed chromatin in AGS cells. We found that P65 directly binds to DARPP-32 promoter and not to negative control ( figure 5A, B) . Treatment with TNF-α induced a stronger p65 binding to the DARPP-32 promoter, as compared with control (see online supplementary figure S4) . To confirm the role of H. pylori in DARPP-32 transcriptional regulation, AGS cells were cocultured with H. pylori strain J166 and subjected to ChIP assay. The data showed that H. pylori infection significantly increased the NF-κB-p65 protein binding to the DARPP-32 promoter, as compared with control group ( figure  5C, D) .
H. pylori activates the prosurvival AKT pathway through regulation of DARPP-32 expression
We have previously shown that DARPP-32 mediates the activation of the PI3K/AKT pathway. 6 31 As our data indicated that H. pylori infection promotes DARPP-32 overexpression, we investigated whether DARPP-32 induction can promote activation of AKT and cell survival in response to H. pylori infection. Indeed, the clonogenic survival assay results showed significantly increased cell survival of AGS cells stably expressing DARPP-32, as compared with control cells, following infection with H. pylori ( p<0.01, figure 6A) . Consistent with the cell survival data, knocking down endogenous DARPP-32 by siRNA significantly reduced cell survival following infection with H. pylori in AGS cells ( p<0.01, figure 6B ). For confirmation, we performed clonogenic survival assay. The results showed that knockdown of DARPP-32 by siRNA significantly decreased cell survival following infection with H. pylori in AGS cells (p<0.01, figure  6C ). The western blot data showed that H. pylori infection induced DARPP-32 expression with an increase in p-AKT (S473). On the other hand, knockdown of DARPP-32 expression by siRNA decreased p-AKT (S473) protein and increased the level of cleaved PARP; following H. pylori infection in AGS cells ( figure 6D ). Furthermore, our results also suggested that genetic knockdown of endogenous DARPP-32 by siRNA significantly reduced cell survival following infection with H. pylori strains (7.13 or J166) in MKN-45 cells ( p<0.01, figure 6E) . Consistent with these results, the western blot data showed that H. pylori infection following knockdown of endogenous DARPP-32 expression in MKN-45 cells by siRNA activated cleavage of PARP (figure 6F). These findings indicate that H. pylori-mediated cell death is abrogated by the induction of DARPP-32 and activation of the PI3K/AKT pathway in gastric cancer cells.
Activation of NF-κB and induction of DARPP-32 expression in the human gastric tumourigenesis cascade
Immunohistochemistry (IHC) staining of p-NF-κB-p65 (S536) and DARPP-32 on human gastric tissue samples revealed weak immunostaining of both proteins in normal gastric mucosa ( figure 7A, B, see online supplementary figure S5A, B) . Conversely, we observed strong immunostaining of p-NF-κB-p65 and DARPP-32 in intestinal metaplasia, dysplasia and adenocarcinomas. The data showed diffuse cytosolic and nuclear immunostaining of DARPP-32, whereas p-NF-κB-P65 (S536) immunostaining was predominantly nuclear, indicative of NF-κB activation ( figure 7A , B, see online supplementary figure S5A, B) . To investigate the expression of these two proteins in the multistep progression cascade of gastric cancer, we developed a CES as described in Materials and methods section. We also investigated the potential relationship between p-NF-κB-P65 and DARPP-32 expression. Indeed, the IHC data clearly indicated an increase in the expression of both p-NF-κB-P65 and DARPP-32 ( p<0.01) in the early stages of gastric tumourigenesis ( figure 7C, D) and a statistically significant positive correlation ( p<0.01) between their expression (figure 7E). Taken together, the expression levels of DARPP-32 and NF-κB during gastric tumourigenesis provide an in vivo support for the link between inflammation, NF-κB activation and DARPP-32 expression in human gastric cancer. 
DISCUSSION
DARPP-32, which is frequently overexpressed in upper GI cancers, 3 5 32 has been shown to exhibit oncogenic properties such as cancer cell survival and invasion. [5] [6] [7] Although DARPP-32 overexpression has been associated with gastric tumour progression cascade, 3 the underlying molecular mechanisms are not fully understood. H. pylori, the causative agent in approximately two-thirds of gastric cancers, 33 has been classified as a Group I carcinogen by the International Agency for Research on Cancer since 1994. 10 Numerous studies have been conducted to elicit the link between H. pylori infection and gastric cancer. 33 34 The objective of this study was to investigate whether H. pylori infection-induced inflammation could upregulate DARPP-32 expression, which promotes cell survival, thereby facilitating gastric tumourigenesis. Indeed, we found that H. pylori infection induces the endogenous DARPP-32 expression in in vitro gastric cancer cell models and an in vivo mouse model; this strongly suggests that DARPP-32 plays an important role in H. pylori-mediated gastric tumourigenesis. Due to its essential role in inflammation and immunity, NF-κB activation and modulation by H. pylori have been topics of great interest to many investigators. NF-κB can be activated by numerous proinflammatory stimuli, ranging from toll-like receptors (TLR) activation by pathogen products to cytokines released by other cells, through the canonical and the noncanonical pathways. 21 23 In fact, our data demonstrated that H. pylori infection induced activation of NF-κB, which in turn, transcriptionally upregulated DARPP-32 expression in in vitro and in vivo models.
Based on our novel findings, we propose that the proinflammatory transcription factor NF-κB upregulates DARPP-32 expression, which promotes gastric tumourigenesis. This hypothesis is supported by several lines of evidence: (1) both DARPP-32 overexpression and NF-κB activation occur as early as intestinal metaplasia and persist in the subsequent steps of the gastric tumourigenesis progression cascade; (2) we found that TNF-α-mediated activation of NF-κB or transient overexpression of NF-κB-P65 is associated with an increase in DARPP-32 protein and mRNA levels; (3) we demonstrated that the endogenous DARPP-32 protein and mRNA levels are upregulated by H. pylori infection in in vitro and in vivo models.
Our data demonstrated the role of NF-κB in the transcriptional regulation of DARPP-32 and identified the critical NF-κB-binding site within DARPP-32 promoter. Of note, the majority of human gastric cancers are associated with chronic infection with H. pylori and inflammation. [35] [36] [37] The transcription factor NF-κB is a master regulator of immune and inflammatory responses and regulates many cellular processes important in carcinogenesis, including transformation, proliferation, angiogenesis and metastasis. 38 39 Activation of NF-κB is a crucial mediator of inflammation-induced tumour growth and progression, as well as an important modulator of tumour surveillance and rejection. 40 41 H. pylori infection of gastric epithelial cells has been shown to modulate an intricate network of signalling pathways that balance cell proliferation, survival and apoptosis; this ultimately may lead to gastric adenocarcinoma (reviewed by refs. 34, 35) . In vitro studies have demonstrated that H. pylori can induce apoptosis in gastric epithelial cells. 42 43 H. pylori triggers apoptosis via interaction with death receptors in the plasma membrane of cancer cells, leading to cleavage of procaspase-8, release of EGFR -estimated glomerular filtra (AIF) from mitochondria and activation of subsequent downstream events leading to the destruction of nuclear lamins. 44 We have previously determined the mechanisms by which DARPP-32 activates the prosurvival PI3K-AKT pathway 6 and promotes the CXCR4-dependent cancer cell invasion 45 in gastric cancer. H. pylori upregulates the expression of EGF-related growth factors, which activate EGFR and other tyrosine kinase receptors, and then stimulate proliferation and survival through PI3K-AKT and mitogen-activated protein kinases (MAPK) pathways. 46 Notably, we have previously shown that DARPP-32 plays an important role in stabilisation of EGFR and activation of AKT in gastric cancer cells. 6 Taken together, the fact that DARPP-32 expression is induced by H. pylori-activated NF-κB strongly suggests that DARPP-32 oncogenic functions may contribute to H. pylori-mediated gastric tumourigenesis. These results also establish NF-κB as a key link between H. pylori infection and DARPP-32 overexpression in gastric cancer.
In summary, our findings demonstrate, for the first time, the role of inflammation and H. pylori-mediated activation of NF-κB in DARPP-32 transcriptional regulation in cancer. Importantly, these findings suggest that induction of DARPP-32 is a key step in providing survival properties and abrogating H. pylori-mediated cell death in gastric cells. This novel H. pylori-NF-κB-DARPP-32 axis provides a new paradigm in gastric carcinogenesis.
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EDITOR'S QUIZ: GI SNAPSHOT
Caecal ulceration in an asymptomatic man
A 66-year-old Caucasian man underwent bowel cancer screening colonoscopy. He was asymptomatic with no significant medical history and no family history of bowel cancer or IBD. Clinical examination was normal and routine blood tests including haematinics, renal function, electrolytes and liver function were normal. Colonoscopy revealed several shallow periappendiceal caecal ulcers (figure 1). CT revealed caecal thickening with a few small para-caecal lymph nodes. The liver, spleen, small intestine and remaining colon were normal (figure 2).
Biopsies from the ulcer demonstrated acute inflammatory changes with a dense infiltrate of lymphocytes, plasma cells and neutrophils in the lamina propria. There was no dysplasia, crypt abscesses or granulomas and mycobacterium cultures were negative. Biopsies from the terminal ileum were normal.
QUESTION
What are the possible diagnoses? What is the next step in managing this patient? 
See page 886 for answer
